~1’, !
b

111‘, N
T

-
’
.
N
P
N
,
L
!
-
o T

N Cl e o _ S ?
o . Y .
R N S - G
N R e LN 7‘:_ ’5 ~ R — L
P - X-852- 7 481
c .

D T , IPRIEPRFNT

S Cn ,J(tx, ] YASEER o ,

N
N
7

f

s ‘ - o .- RS .f';
R e &m-/éfé’oé

-

“l‘\‘ ,_/ \‘
o |

|

l

© EARTH PHYSICS AND PHASE ;’i o
- 'TRANSFORMATIONS PROGRAM: .

~ 1 o1 P
\ / = T
v 7 { \ . ’
. i -~ J .
. . -~ ”
~ - . > -
"y pe i 5 - A . .. R N B
N . ) N L . S
¥ A N

(T4 ~ B -~ — MR

:;,_&L‘g_‘-.'.....-m_onmr_- ] u\u-r ﬂnLtl-'IL
(NASA~TM~X~ 65806) EARTH PHYSICS AND PHASE ‘
TRANSFORMATIONb PROGRA®N:; A CONCEPT A'ND

PROPOSAL W.L. Bonavito, et
1975 oA ; . al (NASA)

N72—16256

Nov. _

CSCL 08E ‘ Unclas
G3/13 17030

UMBER) N S ‘13 17030
(ACCESS?IL? G = R

{(CODE)

¢ol, /> o

- FAClLITY FORM 602'

X OR AD NUMBER) eproduced by .
! (NASA CEORT  NATIONAL TECHNICAL |-
’ 7 INFORMATION SERVICE-
. - - e VI -springfield, Va. 2215 .. ~

s . -t . ) , T

(CATEGORY) . e

A,f

—~ AT . “
-~ —4.‘ -,

. A C -5 -
S Aﬁ oncep an ropesa .
A ) .

Ny \ r~ o ~ 5 - 7
- . . - ’ py ~. -~
- =T o X - ~ A e
- . \ R . A -
. s ‘ RN .
- N - o o [N - !
\‘\_ I4 /f S~ ' ‘../ - - ¢ - - T
. . - v f R P - N ‘
o . e - N BRI oo }(/‘./‘ ~
. o Sy - . B , . R oY - . -
Lol A = : b Sl e B

. . PN .- ~ . { . A - o . X N - .

oo e 00 N BONAVITO - - w0 -

R . o [ - . b - _ .". T ’ - AN 4 . ,:_A N
o TTANAKAS L

R g - - -, - ,
- <L o . . N . A D, - N 4 \ B —
iz g I . < o A B . . _
SR S L ' i S PRI
RV ~ - A
( , - -
o N } ) ,
. LN T~
/ A
7 -/ /
a o R
PREN
.\\
[~ N
- N
- /
3 A
-~
-~ " - - v
e N : \ - ~
. T -,
LT L B \
ot / 7 . )
. N .
".‘\ \
< -
’\~< EN ,‘ \« v } 5 \‘)
o, ~ . . N
- ~. S
~ s P .
. N - ) ‘
~" S o




X-552-71-487

EARTH PHYSICS AND PHASE TRANSFORMATIONS PROGRAM:
A CONCEPT AND PROPOSAL

N. L. Bonavito
Goddard Space Flight Center

T. Tanaka
Dept. of Physics
The Catholic University of America
Washington, D. C.

November, 1971

Goddard Space Flight Center
Greenbelt, Maryland



T. Tanaka

P. H, E, Meijer
R. W, Gammon
J. R. Leibowitz
J. R, Peverley

R. Meister

LIST OF CONTRIBUTORS
Physics Dept., Catholic University
Physics Dept., Catholic University
Physics Dept., Catholic University
Physics Dept., Catholic University
Physics Dept., Catholic University

Elec. Eng. Dept., Catholic University

iii



"There are often great distances between the detailed laws and
the main aspects of real phenomena. For example, if you watch a
glacier from a distance, and see the big rocks falling into the sea,
and the way the iée moves, and so forth, it is not really essential
to remember that it is made out of little hexagonal ice crystals.
Yet if understood well enough the motion of the glacier is in fact
a consequence of the character of the hexagonal ice crystals.
But it takes quite a while to understand all the behaviour of the
glacier (in fact nobody knows enough about ice yet, no matter how
much they've studied the crystal). However the hope is that if we
do understand the ice crystal we shall ultimately understand the
glacier."

Richard P. Feynman,

on 'The Character of Physical Law'
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ABSTRACT

A unique and far reaching program to study the geophysical characteristics
of the planet earth is presented as an integration of the different disciplines that
constitute the earth sciences, through the foundation of a generalized geodynamic
theory of Earth Physics.

Every part of the physical system that constitutes the earth is a topic of
vital interest to one or anéther scientific discipline. Thus, there are recognized
topics such as seismology, geomagnetism, marine geomorphology, micropalen-
tology, and meteorology. Each of these disciplines has its challenging scientific
problems of varying degrees of application to the concerns of society.

To understand such associated geophysical phenomena as weathér and cli-
mate, volcanism, earthquakes, plate tectonics, and localization of mineral re-
sources, the solutions of the formidable problems of the macroscopic hydro-
dynamical boundary value equations associated with the densjty profile of the
lithosphere and the driving mechanism are then conside.red. To achieve these
results, a program is pfesented to define the physical constants of the earth's
material which parametrize the hydrodynamic equation in the microscopic solid
state behavior of the crystals of the lithosphere. In addition, to lay the founda-
tion for a generalized geodynamic theory in Earth Physics, specific research
areas are considered such as the nature of the kinetics of the phase transitions
in mineral assemblages, the equilibrium thermodynamic properties of crystals
which are major constituents of mineral assemblages, and the transport prop-
erties of pure crystals which are major constituents of mineral assemblages.
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EARTH PHYSICS AND PHASE TRANSFORMATIONS PROGRAM:
A CONCEPT AND PROPOSAL

I. INTRODUCTION

The U.S. Geodynamics Committee* recently announced a preliminary
statement in which a new development of basic concepts in'geodynamics is
reviewed and various methods of approach toward the better understanding of
the processes taking place in the lithosphex_'e are proposed, (EOS, Transaction,
American Geophysical Union, Vol. 52, No, 5, May, 1971).

It would be worthwhile to quote some of the paragraphs from the prelim-
inary statement because by doing so it is possible to review the present status
of geophysics clearly and concisely.

"Five years ago no one would have predicted that micropalentologists,
geomagnetists, marine geomorphologists and seismologists would be working
together to supply the crucial test of a concept comparable to that of the Boﬁr
atom in its simplicity, elegance, and ability to explain a wide range of diverse
observations. Yet this convergance of disciplines has occurred during a period
of only five years; the result has been a revitalization of the earth sciences
comparable to that which swept physics at the beginning of the century. It seems

reasonable to predict that as earth scientists gain greater insight into the

* The U.S. Geodynamics Committee, which consists of ten members, was established by the
National Academy of Sciences to serve as the U.S. National Committee for the Geodynamics
Project. ' The Geodynamics Committee was established under the Geophysics Research:
Board in collaboration with the American Geophysical Union (USNC-IUGG), U. S. National
Committee on Geology (USNC-IUGS), and Ocean Affairs Board (USNC-SCOR).



processes that control earthquakes, volcanic activity and the localization of
mineral deposits, they will be able to contribute useful information to society
with greater accuracy and confidence than is presently possible."

It is further pointed c;ut in the preliminary statement that in view of remark-
able advances made in our understanding of the origin of earthquakes, volcanism,
faulting, and mountain building it is now time to take a second look at the new
ideas. The unifying concept behind these advances has been the group of ideas
known as sea-floor spreading, plate tectonics, and global tectonics. One of the
most important insights of recent years is the recognition that tectonic activity
on a global scale is concentrated in relatively narrow zones forming a network
tha.t surrounds large areas of relative quiescence. Much of the world's earth-
quake and volcanic activity, and important portions of its minerals resources
are concentrated in the active zones. The recognition of an ordered global dis-
tribution of present volcanic and seismic activity has been one of the prime
factors in the development of the concept of plate tectonics. As a result of
geologic work on the continents and several decades of reconnaissance in the
oceans, a broad delineation of crustal plates has now been obtained, and three
fypes of interactions at plate boundaries are recognized: diverging boundaries
(rift zone), colliding boundaries (underthrusting, trenches and island arcs and
perhaps zones of major compression and uplift) and strikeslip boundaries involv-

ing only minor convergence or divergence of plates.



One of the important research directions for the next decade is to seek an
understanding of the forces involved in the vertical and horizontal motion of the
lithosphere. A complete description of the geodynamics processes within the
planet is presently beyond our grasp. However, there are a number of areas of
research that will lay the foundation for a generalized geodynamic theory. These
may be classified insofar as geodynamics is concerned into the following
questions.

What is the nature of the kinetics of the phase transitions in mineral assem-
blages ?

What are the equilibrium thermodynamic properties of crystals which are
major constituents of mineral assemblages ?

What are the transport properties such as the electric conductivity magnetic
susceptibility, dielectric constant, visco-elasticity, heat conductivity, etc. of
pure crystals which are the major constituents of mineral assemblages ?

It is fortuitous that recent advances in the fundamental‘ understanding of
solid state physics and statistical mechanics can be applied to these geophysical
problems with good promise of success.

Another geophysical phenomenon of importance is polar wandering. From
the observational point of view, a central problem of paleodynamics is to determine
the past locations of the earth's rotation axis relative to the main plates of the
lithosphere, and of these plates relative to each other. Rates of relative move-~

ment of the plates are important as one of the main boundary conditions for



theories of geodynamics. Shifts of the poles are important to an understanding
of the earth's climatic history and of the response of organisms to variations
in world climate. For example, it appears that a necessary condition for world-
wide glaciation may be that a substantial part of the polar regions be occupied
by continental land masses. Since petroleum deposits are correlated with
tropical vegetation in prehistoric epochs, it is important to know what continental
regions, which now may be polar, were once equatorial.

The most important part of our knowledge about polar wandering comes
from the information contained in the paleomagnetic record of past directions
of the geomagnetic field, With modern experimental techniques, ancient positions
of the earth's rotational axis can be determined paleomagnetically with an ac-
curacy of 5° or better, provided that suitable samples can be found. K no relative
movement had occurred between lithospheric plates, a polar wandering curve
common to all the plates would be determined by worldwide paleomagnetic
studies. Present evide.nce indicates no such common curve for the earth as a
whole. Therefore the complete determination of the polar wandering problem
requires the paleomagnetic sampling of rocks of all ages from all the plates,
with good control of the ages of the rocks sampled. The scientific importance
of additional work in this field is substantial, both for determining ancient
latitudes that may be compared with paleoclimatic data and for determining
past positions of the plates. Terrestrial magnetic field reversals in past geo-

logical epochs may also have implications for biological evolution thru changes



in the cosmic ray flux. The thermodynamic analysis of magnetic samples

found in the earth must be more thoroughly investigated.



, II OBJECTIVES

A. Program on Earth Dynamics

The program on earth dynamics is one which is intended to be a laboratory
program in "earth materials" and their dynamics in conjunction with a theoretical
program on these} Imaterials as well as on the theoretical studies in geophysics.
The emphasis of the experimental program is to obtain data in the laboratory,
particularly data on physical quantities like specific heat, compressibility,
elastic constants, electrical resistance, diffusion and melting under high pres-
sures which can be used in models of the earth, its crust as well as its interior.
Supplemented by the laboratory information computer models will be constructed
using either the data already available or obtained from the experimental work
in order to bé able to predict such important obsérvations as seismic wave dis-
turbances by the internal restructuring of the earth, It is important to note that the
laboratory efforts need to be extended in two ways: measurements at simulta-
neous high pressure and high temperature should be made, and the volume ca-
pacity of high pressure facilities should be increased to allow measurements of
physical properties important to geodynamics. (See Figure 1),

1. Program for better understanding of the Lithosphere

Work in recent years has shown that tectonic activity is concentrated in
relatively narrow zones. These strips form a network which surrounds "islands"
of relative inactivity. These islands or crustal plates are fairly well mapped

out and much is known about the behavior at the boundaries: whether they are



diverging, colliding or slipping. These boundaries form. an extremely interesting
object for the study of laboratory physics. An estimate of the velocities of the
motion of the plates will lead to an extremely interesting viscous-hydrodynamical
problem. This problem leads itself very nicely to a model study. The idea is
the following, we start to research for plastic materials that have the same
viscoelastic properties as the materials found between the plates. At many
laboratories, chemists have been able to tailor-make materials with almost any
range of properties. By moving hard objects in the shape of the plates in the
appropriate directions, one could try to reproduce the flows that take place in

the rifts. To obtain the stresses and flows one could use polarized light, X-ray
or ultrasonic probes. Equipped with this type of information one could then try
to establish mathematical models for the motion of the matter in the rifts.

One of the main pieces of information needed for the actual study of the
static behavior in the rifts is the temperatures, densities and pressures as a
function of space in the material in the rifts and plates. The prime source has
always been seismic data. Unfortunately, seismic data give velocities of sound
and not density proportional to temperature and pressure. Much laboratory work
will be needed to establish whether one could reproduce the velocities of sound
with materials most likely to occur in the litﬁosphere at the pressures we expect
to be present inside the earth's crust (Reference 1). Hence low frequency ultra-
sonic measurements should be undertaken at high pressures in conjunction with

an attempt to make a theoretical model to explain the velocities and attenuation.



At k bar pressures the atoms are located on the steeply descending part of the
potential curve that describes the pair-wise interaction. This has the conse-
quence that the ordinary harmonic behaviour (which is the result of an interplay
between the repulsive and attractive part of the potential) has totally disappeared.
The result is that the solid behaves more and more like a hard core liquid. And,
indeed, not surprisingly, it is known experimentally that many crystalline solids
are showing a phase transition back into the liquid state at very high pressures.

It is an open question whether these liquids have an equation of state and
elastic moduli similar to ordinary liquids. There is every reason to expect
that liquid state of aggregation is more comparable to liquid mixtures, than to
pure liquids. Since the mixtures of two liquids do not always have properties
that are the simple superposition of the properties of each cqmponent, there is
a justification to undertake a serious study of liquid mixtures at high pressures.
Bridgeman has already pointed out that liquids at extreme pressure have some
unusual and new properties (Reference 2). There are similar indications from
shock tube work.

Another form of geological liquids are the high temperature normal pressure
liquids as found in lava. It would be of interest to find out whether adiabatic
decompression gives indeed the temperature of molten lava. In other words if

the pressure is suddenly released how does the state of the liquid travel on the

P. V. T, surface.



2., Program for Core Studies

Seismic waves are to the core-geophysicists what electromagnetic waves
are to the nebuleastronomer: his only source of information. There is of
course one exception, the magnetic field on the surface of the earth is mainly
due to the flow in the core and gives one additional piece of information.

If we consider the simplest model of the earth: a mantle and a core,
without any further subdivisions then we can broadly classify two types of ray
paths: through the mantle only and both through the mantle and the core. Since
there is refraction and reflection at the boundaries and since the ray paths are
not straight there is a number of possibilities by which signals from a certain
earthquake source can reach their "destination', the seismic station.

One can study the core separately by comparing the travel time of waves
that went through the mantle only, with the travel time of waves that went
through the mantle and the core. The result of many years of work is that the
core itself consists of an outer and inner core which have different properties.
The outer core is liquid, and the inner core is most likely solid. Calculations
have shown that the veloc'ities in the inner core are about 10% higher than in
the outer core and that the change, although not so abrupt as the change near
transition from mantle to core, is nevertheless rather sudden. The transition
layer is about 200 meters.

The inner core is probably the most fascinating object to study. There

are a number of hypothesis made; many ideas are possible since little is known



about the temperature and less is known about the pressure. The temperature
range is based on the idea that the presence of a liquid requires at least a
temperature above the melting temperature. The temperature of the inner core
are estimated between 4000 and 5000°K and pressures have been calculated to
be 10° atm.

The problem is to construct a form of matter on paper that exists at these
densities and temperatures by taking into account all knowledge of atomic and
nuclear structure. Wigner has already described that would happen if electrons
can no longer be considered to be associated with an individual nucleus. He
applied this idea to high density hydrogen, and a similar phenomenon should
take place in heavier elements leading to a form of matter different from the
properties we are accustomed to. This part of the program would be entirely
theoretical.

3. The Earth as an Elastic Body

The overall properties of the mantle of the earth have been described by
the usual set of moduli for an isotropic material. For most parts of the mantle
Poisson's ratio is about 1/4, which accidentally leads to a mathematically con-
venient solution of the equations for the Rayleigh waves. Thege moduli were
used by Love in 1911 to describe the body tides of the earth.

If the earth wére rigid, the axis of rotation would make a constant nutation
(Chandler period). It is well known from observations that this period is not

constant, but oscillates around a value somewhat different from the predicted

10



value. These deviations are due to the elastic behaviors. The relation between
this period and the rigidity of the earth has been determined. The problem of
predicting the nutation however is much more complicated since meteorological
and oceanographic processes play a role which is not very well understood.

A theoretical study should be made to see whether sufficient meteorological
and oceanographic data is available to attempt a correlation between the motion
of air and sea masses and a part of the wobble. I may be that the other possible
processes as the plastic relaxation of the tidal "flexing' of the earth may show a
periodic or quasi periodic behavior so that if the air and sea motions are sub-
tracted, a regular pattern may be found.

Additional work on the tides of the earth is proposed independently of the
study of the polar wandering. The tidal forces on the earth are usually studied
by measurements of the vertical displacement change in strength and direction
of gravity. However veiy little work seems to have been done to detect diurnal
motions in the horizontal plane. This is feasible with lasers for distances of
the order of kilometers, and microwave links for longer distances. Such work
could be done by using the facilities available from existing commercial and
military microwave stations.

The elastic properties of the mantle are related to the elastic properties
of the individual materials that make up the mantle. The connection between
these physical quantities forms a very difficult problem. There are two steps

in which this problem has to be solved.
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The first problem is mainly a question of observation. What is the distri-
bution of sizes, packing and orientation of crystal pieces and voids in the ma-
terial? If such a distribution is available there is a much harder question to Be
tackled: how should one calculate the average elastic constants? Such a problem
has until now been considered only from the point of view of setting upper and
lower bounds (Reference 3). It must be possible to describe this problem in.
terms of the previously described distribution. The equation governing the
elastic behaviour of an anisotropic medium is a second order differential equa-
tion containing the space dependent elastic constants. Such an equation has a
Green's function solution, which after appropriate rewriting leads to an integro-
differential equation for the displacements of the medium. Inserting a trial
solution leads to a hierarchy of equations which, if truncated, yields a solvable set
of equations. Thg best possible eoi[uivalent elastic constants are determined this
way. The refinements depend mainly on the amount of effort one wants to' spend,
that is how many equations one deicides to solve (depending on the step at which
the hierarchy is truncated).

In order to determine the difection of an incoming signal one must use an
array of detectors which are elefétronically coupled in such a way that the
phase differences are properly i‘egistered. Such an instrument is somewhat
analogous to what has:been useci in radio astronomy and can be adapted to the

wavelengths by placing the transducers on mobile equipment.



In principle it is possible to build up enough resolving power to locate the
course of the waves, in particular the sjze and shape of the region in which the
waves are produced. Arrays should have the size of 20~-100 Km, in order to
give enough resolving power. However there is an enormous obstacle: The
earth is not like the ether, a homogeneous isotropic medium! This means
that a preconceived notion about the velocity of sound as a function of the coor-
dinates in the earth (mantle and core) is necessary. Fortunately one can look
at the source from different sides.

B. Goals

To understand the geophysical phenomena such as plate tectonics, polar
wandering and volcanism, it is necessary to solve the formidable problems of
the macroscopic hydrodynamical boundary value equations. Geophysicists
and hydrodynamicists have made excellent progress, especially in recent years,
in the macroscopic analysis. However, without the knowledge of the physical
constants of the earth's material which parameterize the hydrodynamic equation,
in the microscopic solid state behavior of the crystals of the lithosphere, no
complete understanding will result. |

1. Plate Tectonics and Deep Focus Earthquakes

In the theory of plate tectonics, the outer 50 to 100 kms of the earth is
assumed to consist of a number of segments of rigid shells in motion relative
to one another. The sea floor is believed to be created along the oceanic ridges

which form raised linear features across the earth's oceans with the total surface

13



area conserved by underthrusting of the plates in trench-island arc areas.
This theory has been strikingly successful in explaining a great deal of obser-
vational information, both geophysical and geologic, such é.s the linear magnetic
anomalies in oceans, the distribution of earthquakes, and the yoﬁthful age of
sediments in oceans.

However, as earth scientists have moved rapidly forward to fit more and
more observational data into the frame-work of the plate tectonic theory and
to refine it, one important element has been missing. This has been a funda-
mental understanding of the origin of the forces that cause and maintain the
plate motions.

A subject of great interest in geodynamics is the source of earthquakes.
Not the location, but the triggering mechanism. Do tensions accumulate in a
certain region near fault lines and are suddenly released or do we deal with
retarded phase transformations? This is apparently still unresolved.

We will discuss two hypothesis: super cooling and the '"lubrication' theory.
If the supercooled phase transitions play a role thén it would be worthwhile to
try to create these in the laboratory. How much energy can one_expect to be
released from a retarded phase transformation? That raises the question-how
far a metastabie state can be removed from the normal (equilibrium to equilib-
rium) phase transition. Suppose certain regions have the right T, P and density
for a phase transition to take place, but that the time scales at high pressures

are different from the scale at one atmosphere, or suppose that the condensation

14



nuclei would be lacking in order to catalize the process. Under such circum-
stances one could obtain considerable undercooling. Such a retardation of the
transition leads to an explosive transition as one can show with simple laboratory
experiments with very purified molten paraffin. One should investigate theories
for undercooling and superheating of molten rock in combinatien with the methods
or techniques of nonequilibrium statistical mechanics. For ordinary liquid-
solid transition this has been done by Schneider (Reference 4). An extremely
simple model can be obtained by comparing the van der Waals isotherm with

the Andrews isotherm. The experimental data will give the curvature of the
isotherm above and below the flat part for temperatures below the critical
temperature. From this one can construct the minima and maxima of the van

der Waals oscillation as a function of the temperature. This can be linked to

the barriers found in the diffusion constant. Such crude theories can of course

be augmented by making use of the molecular field of similar theories, where

the free energy is estimated and one can use Landau's idea to associate the
second derivative of the free energy with the relaxation time associated with

the iransition,

The second type of theory that has been proposed is the idea that large rock
masses under shear stress do not move as long as the forces are unable to
overcome the initial friction, but that the friction could be considerably lowered
if fluids penetrate the masses. This lubrication would make it possible that

the stresses are suddenly released. This theory seeks confirmation in the
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correlations between earthquakes and new water reserviors {Reference 5).

To understand this better one should study the physics of fluids in porous media.
This is a very difficult field, but fortunately experiments at high pressures have
been performed.

Mechanisms likely to be responsible for the attenuation of seismic waves
have been recently reviewed by Anderson (Reference 6). He tries to fit the |
data with an exponential temperature dependence and an inverse frcquency
dependence for the loss per cycle, denoted by Q' . He also gives a large amount
of data for Q' as obtained by a large number of different investigators for
each of the known seismic waves modes. There are three reasons to consider
Q™ rather than Q. (1) If the wave travels through several regions with dif-
ferent anharmonicity, the Q' 's give the proper average. (2) If two or more
mechanisms are competing, the Q" 's can be added. (3) Q' is a direct meas-
ure of the deviation from the ideal elasticity.

Apparent attenuation takes place due to geometrical effects resulting in a
loss in amplitude in the direction of the path, which is éimply due to scattering
at the direction of the ray. Such a quantity cannot be measured separately but
one could make a crude theory provided one could obtain some information
from other sources or make hypothesis about the gradients of the inhomogeneity
of the material that makes up the mantle or the core. Work has been done on

sandstone, shale and soils (Reference 7).
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Next in importance comes the question about the (actual) attenuation on a
microscopic scale. The literature in Solid State physics breaks up in two
groups: attenuation via motion of grain boundaries, moving interstitials or
dislocation lines at one hand and atomistic processes, where the energy is trans-
ferred to another degree of freedom, at the other hand. The first class is often
rather phenomelogical, the sec:ond class not, contrary to a remark in the review
article. Also we disagree that all this data is only of interest for low tempera-
ture work. In particular in the first class the temperature influence depends
largely on free energy barriers which are of importance up to the melting
temperature.

Before we go to the microscopic mechanism, we mention one submacroscopic
mechanism which may play a role: the dissipation of energy by friction along
small cracks. Such a mechanism will at very high pressure eventually disappear
and hence it may not be a major contribution to the attenuation of waves in the
inantle. It would be influenced by the presence of water or oil. I the material
is free of cracks but polycrystaline, we may have stress relaxation in grain
boundaries and/or motion of the walls.

High pressure sound attenuation in homogenous material is usually attributed
to the irreversible motion of dislocations (amplitude dependent) or due to simple
relaxation mechanism. The last group can be recognized by the Debye-like fre-
quency dependence of Q' . Such models are often combined with the "free energy

of activation" G models, in which case one can obtain a temperature and frequency

17



dependence with the pressure dependence as a parameter in AG. One can
speculate about the meaning of AG, but even if the free energy is not interpreted
this model has the advantage that one can extrapolate to higher pressures from
relatively modest bressures. Again, computer models are desirable for the study
of surface and other guided waves in a layered structure. Since it is known that
the velocity of longitudinal and transverse waves on the earth changes with the
depth, the possibility exists of wave propagations which are similar to surface
waves. These are called guided waves or Love waves., When an earthquake takes
place the source is most likely comparable to a point source and the question is-
how much is radiated in each space angle. This is not trivial if the source is
situated in a stratified layer. One could make a relatively simple computer model
using a three dimensional grid, in which the velocity is only dependent on Z, the
coordinate perpendicular to the surface and simulate the point source by a strong
deviation of a certain point. One can then subsequently detect the influence at
certain selected points on a sphere around the origin-source.

The type of work has been done for actual problems in a rather differént
way.

2. Volcanism and Faulting

 Between the rift zones where new lithosphere is created and the collision
zones where lithosphere is destroyed lie the stable plates. These areas are
relatively tranquil but not absolutely so; movements, mainly vertical, take

place; volcanism, localized but often extensive, occurs.
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In additioﬁ, earthquake activity is uncommon except in the vicinity of
volcanic regions. Thé concept that all deformation takes place at plate edges
is incorrect. Important deformat;ions by faulting and vertical movement occur-
and may even be initiated - at grleat distances from the plates edges. Nearly
all volcanism resulting in the fo';rmation of sea - mount clusters and groups of
volcanic islands appears to begin at a relatively late date after the formation
of new ,t;rust. The nature of tﬁis volcanism seems to be different from the
process of formation of new _crust at the divergent edges of plates. Volcanism
may bé more closely related to smaller scale deformations of the underthrust
plates themselves than to the mechanism causing the underthrusting.

Within plates, volcanisﬁ, vertical motion, faulting, and intrusional activity'
occur in many localities, uéually without causes directly attributable to broad
plafe motions.,

| The structural response of the upper portions of the earth crust to forces
below the plates appears to be strongly modified by mechanical inhomogenities
of the crust and by the pa;st history of deformations. Studies on some fracture
zones have shown that théir struct;lre is influenced by recent changes in
spreading direction resulting not only in changes in trend, but also in the occur-
rence of rifting at high angles to the plate edge and in the formation of new crust
in these tectonic features that are elsewhere volcanically passive.

Hence, such studies should emphasize not only the tectonics, but also the

chemical and physical nailture of the lithosphere.
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3. Localization of Mineral Resources

One of the most important insights of recent years is the recognition that
tectonic activity on a global scale is concentrated in relatively narrow zones
forming a network that surrounds large areas of relative quiescence. Much of
the world's earthquake and volcanic activity, and importanf portions of its
mineral resources are concentrated in the active zones.

On the matter of plate tectonics, there are indications of largely synchronous
vertical movements within plates and at plate boundaries. The chronology of
such displacements between and within plates is important to a full understanding
of tectonic dynamics.

Many of these vertical movements within tecténic plates are of such mag-
nitude that they would seem to require large volumes of lateral mass transfer
within or beneath the lithosphere.

These vertical movements, both within plates and at their boundaries,
control the distribution and occurrence of many of our important mineral
resources. The fact that oil and gas are present only in sedimentary rocks
restricts their occurrence to areas that have subsided enough to accumulate
these deposits, normally near areas that have been uplifted enough to provide
a source of erosional detritus. Similarly, many economic mineral resources
of metamorphic origin require a history of significant vertical subsidence and

subsequent vertical uplift to bring them to accessible depths.
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One of the most significant features of the earth's lithosphere is the
contrast between the crust of continents and the crust beneath the deep oceans-
in the thickness, age, tectonic history, and bulk composition. The transition
between these crustal types is one of the most fundamental features of the earth
and one of the longest.

The area of transition between continental and oceanic crust is generally
considered to offer an important opportunity to meet the greatly expanding
energy demands of mankind. Large amounts of oil and gas have already been
discovered within continental margins, and an improved understanding of these
areas will assist in developing these resources.

4. Density Profile of the Lithosphere and Driving Mechanism

The lithosphere includes the crust and the portion of the upper mantle that
lies above the low-velocity zone. Its physical properties are a function of depth
(they also vary laterally): they are dependent upon chemical composition and
physical conditions. The lithosphere is divided by major discontinuities, both
vertically (i.e., by essentially horizontal discontinuities, particularly the Moho)
and laterally, especially in the seismically active belts.

The lithosphere is distinguished from the underlying asthenosphere primarily
on the basis of differences in physical properties, particularly rigidity, as
determined from studies of seismic wave propagation. The upper surface of
the lithosphere is well defined except where it appears to be thrust into the

asthenosphere; in these areas it can be related to seismicity. Its lower surface
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is known only in a general way over most areas, but in the areas of underthrust-
ing it may be definable in some detail through seismicity studies. The lower
boundary, is not at all distinct in a number of critical areas both at boundaries of
lithospheric plates and within the areas themselves, nor is there any assurance
that it remains fixed with time. In fact, one would suspect that the opposite is
true; that differential movements that have occurred within the lithospheric
plates must be related to the dynamic nature of the lower boundary.

The fact that the lower boundary of the lithosphere is the most significant
discontinuity that is involved in the plate tectonic concept means that determining
its nature, character, and variations with time are fundamental to understanding
and testing the concept. New geophysical techniques may be required to deal
with this problem.

It has now been proposed, as a result of work done during the Upper
Mantle Project, that the density profile of the earth has a minimum somewhere
near the lower boundary of the lithosphere. This creates a gravity potential
that should tend to drive matter toward the surface. It is generally agreed that
there is a minimum in shear velocity that occurs near the lithosphere boundary.
There are many indications that this minimum results from a zone of partial
melting; that is, matter at a certain depth is partially melted but solidifies above
and below this depth. It is generally agreed that the interior of the earfh has
certain zones in which there are jumps in density caused by phase transforma-
tions. These conditions, accompanied as they are by pressure and temperature
gradients should lead to hyd;rodynamical instabilities.
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The experimental work in the kinetics of phase transition is just beginning.
The importance of the subject is well illustrated by the history of the production
of artifical diamonds. The reaction graphite-diamond requires a geological
epoch for completion in many regions of the diamond stability field, unless it is
accelerated by the addition of a c?.talyst. Water is known to accelerate trans-
formation of silicates in the laboratory. Water content, in very small amounts,
in the earth may be crucial to the time scale of phase transformations that in
turn affect the geodynamic boundary conditions. Here, too, model systems will
be invaluable in simulating such processes.

At this moment the relations between the solid state properties of mineral
crystals and the driving mechanism of plate tectonics must be clarified more
specifically. As mentioned pre\;iously, all physical properties must be known
either experimentally or theoretically over a wide range of temperature and
pressure. Also, many mineral crystals undergo phase transitions under high
pressure. Especially for these dynamical properties the time dependence
must be investigated;

There are a variety of mineral crystals in the mantle. However, these
crystals may be regarded as different combinations of only a couple of com-
pounds, i.e. magnesium oxide, MgO, and silica, SiO,.

Some of the leading questions we therefore would like to ask are:

23



1. Solid-Liquid Transitions.

What are the melting temperatures of the magnesium-containing pyroxenes,
olivines, and spinels at pressures corresponding to those in the mantle: i.e.,
up to 1400 Kb?

Many crystals are known to have more than one phase transition at a given
temperature, i.e., liquid-solid (at a lower pressure) and solid-liquid (at a higher
pressure). The mechanism of the latter, the so-called high pressure melting,
will be discussed in a later section. |

2. Solid-Solid Transitions (Polymorphic Transition)

(a) What phase transitions are there involving the more common silicates
at the temperatures (100°C-500°C) and pressures (2 - 15Kb) that might exist at
the crust-mantle boundary ?

(b) What phase transitions exist involving silica and magnesium olivines,
pyroxenes, and spinelé at the pressures prevailing in the mantle (10 - 1400 Kb) ?

The various minerals which are compounds of the oxides believed to be the
most likely consituents of the mantle, magnesium oxide (MgO) and silica (SiO,),
require high pressures to undergo phase transitions. A transition that has been
attained in the laboratory is that of silica of quartz density (density 2.6gm/cm?3)
to coesite (2.9 gm/cm3) at 27 Kb and 700°C or 39 Kb and 1750°C; another transi~
tion of silica to stishovite (density 4.3 gm/cm3) at 139 Kb and 1600°C. Both the
olivine (Mg,SiO,) and pyroxene (MgSiO,) forms of magnesium silicates require

pressures higher than those attainable in static experiments to be converted into
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spinel or spinel plus stishovite forms. Hence. some sort of extrapolation is
required.

At this point it should be emphasized that scaling laws exist which may
make the necessity for extremely high pressure data less crucial., This means
that if two different atoms A and B in two different systems interact with the
same law of force except for the difference in the scaling, then the equations
of states of two systems are identical except for a scale. Since there are many
diffefent types of interactions even if the chemical formulaf.é are similar there

are as many different laws or corresponding states. The d{ifferent laws of

|

corresponding states, therefore, must be found experimenﬂally and theoretically

l
for different classes of materials. o

One type of scaling is to replace some of the metal el"lements in ._these com-
pounds by other metals of equal charge and larger ionic radius. A phase tran-
sition should then be made more easily because the transition essentially depends
upon attaining a certain ratio of the radii of the constituent atoms. The zero-
pressure ion radius of silicon is 0.42 10\; the next +4 element in size upward
from silicon is germanium, of radius 0.48 A. The zero pressure radius of
magnesium is about 0.68 A. The next one up of +2 charge is nickel, with about
0.70 A zero-pressure ionic radius.

A series of experiments at 600°C and 0-90 Kb was carried out on various
mixtures with various ratios of Ni, GeO, to Mg, SiO, by Ringwood and Seabrook

(Reference 8) and a substantial reduction of the pressure of the phase transition

has been observed.
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As was mentionéd earlier, there seems to be a zone of partial melting at a
certain depth in the mantle. It turns out however that the high temperature
melting isia rather prevailing phenomenon observed in many different substances.
Examples of such substances are barium, tellurim, europium, antimony, carbon,
the intermetallic compounds Bi, Tis, Sb,‘,Te3 and PbTe, and inorganic salts
KNO, and KNO,.

Since in liquid phase atoms-are arranged randomly in space, while in solid
phase atoms are arranged regularly on a crystalline lattice, the phenomenon
of melting can be regarded as a transformation from a state of ordered arrange-
ment to that of disordered arrangement of atoms. Lennard-Jones and Devonshire
(Reference 9) applied the theory of order-disorder transformation in binary
alloys to the phenomenon of melting and explained various equilibrium properties
at the melting temperature rather successfully. It is obvious, however, that a
straightforward application of Lennard-Jones-Devonshire theory does not ex-
plain the possibility of having two phase transformations, one at a lower pres-
sure and the other at a higher pressure.

Quite recently foshida and Okamoto (Reference 10) formulated a theory of
high pressure melting. They argue that if the interatomic interaction potential
has a slowly increasing repulsive part, it is possible to have a random arrange-
ment of atoms at high density, i.e., the high pressure. Their theory is a direct
application of L-J-D theory except for a modification of the interatomic potential.
Their prediction of the melting curve is semi-quantitatively good and explains the
observed data of Rb and Cs reasonably well.
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Further improvement and extension of the theory of high pressure melting
along Yoshida-Okamoto's idea is promising, and improvement can be made by
the following steps.

(a) L-J-D theory is one of the crudest approxirﬁations of the order-disorder
transformation, i.e., the one-body approximation, and hence the semi-quantitative
agreement with the data on Rb and Cs:,';s very likely to be fortuitous. To predict
the melting curve, the relation betwe!é/n the melting temperature and pressure,
more accurately and calculate other equilibrium properties, such as the latent
heat of fusion, consistently, one has to extend the theory to include the two-body
and three-body correlations. Investigation along this line is promising.

(b) The L-J-D theory deals only with equilibrium properties and there
is no way of calculating dnyamical quantities. This can be achieved by modifying
the Hamiltonian so that the kinetic energy terms are included. In this way one
cannot only ifnprove the calculation of equilibrium properties but also can cal-
culate the velocity of sound in the neighborhood of the melting temperature.

(c) In the L-J-D theory, the assumed solid structure is already built into
the formulation. This more or less ad hoc, assumption can bé eliminated if one
goes to at least three-body or even as many as ten-body approximations which
is entirely within our reach with the high-speed computer facilities. The ex-
pected numerical result would be very accurate as long as the assﬁmed inter-
action potential is appropriate. This calculational technique will in turn be used
in order to determine the nature of the repulsive part of the interaction potential,
which is the least known information at present.
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A remarkable progress has been achieved in the understanding of the
mechanism of solid-solid phase transformations. This is achieved especially
in the area of ferro-electric phase transformations. In ferro-electric crystals
the motion of dipole moments is associated with the optical mode of lattice
vibrations. By experimentally observing the motion of dipoles by optical tech-
niques one is able to observe the behavior of optical modes as the phase trans-
formation point is approached. It has been established recently that the ferro-
electric phase‘transition is a direct consequence of the freezing of some optical
modes at the transition point. This means the frequencies of some optical modes
(shear modes) decrease steadily and finally vanish (freezing) at the transition
point. Those optical modes whose freciuencies vanish at the transition point
are called "soft modes". Ferro-electric crystals are most suitable to detect
the soft modes because electric dipoles are good probes. It is now commonly
agreed that the solid-solid phase transformation is always accompanied by the
freezing of soft modes even in non-polar crystals. This meahs, in turn, that
the analysis of the optical branch of lattice vibrations is essential in order to
understand the mechanism of solid-solid phase transformation. Dynamical
theory of lattice vibration has been developed to a very satisfactory degrée in
the past twenty years and we are now able to calculate the spectrum of lattice
vibrations even for rather complicated crystals. Investigation along this

direction must be further encouraged with an extensive use, again, of high speed

computers.
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II. THEORETICAL AND EXPERIMENTAL SOLID-STATE PHYSICS AND

STATISTICAL MECHANICS APPLICATIONS PROGRAMS

The ultimate goal of theoretical solid-state physics and statistical mechanics
is to predict both the equilibrium properties and dynamic properties quantita-
tively from the known properties of atoms and the laws of forces between atoms.
By the equilibrium prop'erties we mean the properties such as the equation of
state (the relation between the pressure, volume, and temperature), the specific
heat, the static dielectric constant, static electric conductivity, etc; Those
properties are observed in gases, liquids and solids which are in thermodynam-
ical equilibrium. By the dynamic properties we mean, here specifically, the
properties which represent responses of physical systems to externally applied
forces which depend upon the time. Any response which depends upon the way
in which the external force is applied (either very slowly or very rapidly) is
called the dynamical response, and the parameter characterizing the response
is called the dynamicél property. Examples of dynamical properties are the
electric conductivity, magnetic susceptibility, viscosity, thermal conductivity,
diffusion constant, etc; Those properties are functions of frequencies of the
external field.

Since the basic theory of statistical mechanics is s0 firmly established,
there is no ambiguity, in principle about how to calculate hb,oth the equilibrium
and dynamic properties. The equilibrium properties aré'all derivable from the

partition function or sometimes more directly from the free energy of the system,
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and the free energy is expressed, very concisely, in terms of the Hamiltonian
for the physical (macroscopic) sysfem under consideration. All dynamical pro-
perties are, likewise, calculated or rigorously expressed as the Fourier Trans-
f‘ormvwith respective to the time variable of the pertinent time dependent corre-
lation functions.

As a matter of practice, however, there are almost insurmountable diffi-
culties, one of a mathematical nature and the other of a physical nature. The
former, which is often called the many body difficulty, is due to the fact that any
macroscopic system is made up of an enormous number - 102 per mole - of
atoms and molecules. The latter, which is of a physical nature, represents the
fact that the Hamiltonian of the system or, more specifically, the laws of inter-
action between atoms or molecules are not known precisely enough. In order to
overcome these difficulties two types of approximations, corresbonding to two
types of difficulties, are introduced. The first is a mathematical approximation
and the second is a physical approximation. Fortunately, however, remarkable
progress has been achieved in the past twenty years in attacking the many body
difficulty. It is now possible to calculate any physical quantity successively
more accurately as long as enough time and effort are devoted. An extensive
use of modern high speed computers is almost tacitly assumed.

The second approximation means that the Hamiltonian of a system' is always
an approximation to the actual physical system. In this sense, in theoretical

treatments, we are always dealing with some sort of model systems. As a result
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of establishment of quantum mechanics around 1925, however, this difficulty
presents a less serious problem.

Let us now briefly examine the various experimental techniques available for
the study of solid state properties under both high pressure and temperature.
rI“he technology of ultra-high pressures (>100 kbar) as a controiled environment
for experimental work on materials has now advanced to the stage where a very
comprehensive literature is available.

The essence of the problem can be summarized as follows. A linear force
(produced by some sort of hydraulic press) travels through a certain linear
displacement, at the same time reducing the volume of the experimental sample
so that a high (hopefully uniform) pressure is attained. From the technological
viewpoint, the difficulty lies not so much with the production of the force (usually
several hundred tons) as in the successful containment of the sample within the
prescribed location. The present state of the art has been attained by the use
of suitable materials (e.g. tungsten carbide, carb alloy, and various hardened
steels) for the pressure vessel walls and the ram which applies the pressure.
Careful attention fo the geometry of these components to achieve suitable pres-
sure gradients, and the use of suitable materials (pyrophillite, tale, various
plastics) as pressure-transmitting media, seals and extrudable gaskets. When
solids are involved, uniformity of pressure is of course not guaranteed on ac-
count of friction; lubricants such as molybdenum disulphide have been used to

reduce this effect. The upper limit of pressure reported by most workers is of
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the order of 100 - 500 k bar, the maximum available pressure beihg determined
by rupture of the gaskets of containing vessel.

The calibration procedure most commonly used utilizes reference materials
(e.g. bismuth) which undergo easily detected phase transitions at known pressures.
Heating of the sample is most readily carried out by means of an electric

current, either through the sample itself (for a metal) or by means of a con-
ducting tube surrounding the sample. Temperatures greater than 3000°C have
been achieved in this way for long periods.

A productive program would be to study selected crystals using some
simple probe such as conductivity to locate the positions of phase changes in
pressure and temperature and then simultaneously to obtain molecular spectra
from laser Raman scattering on approaching the transition lines from phases
found in order to characterize the crystal symmetry and local order of the
phases. By studying the low frequency region (10 to 100 cm™ ) of such spectra
one can hope to identify the motions involved in the cooperative behavior in the
transition and the temperature-pressure dependence of the phase transition
dynamics.

There is a large body of recent work on the lattice dynamics of phase transi-
tions emphasizing the importance of '"soft modes,”" modes which show the onset
of instabilities by rapidly decreasing their frequency as a transition is approached.
Such theoretical work on instabilities and anharmonicity plus recent experimental
confirmations and extensions at low pressure is now ripe for possible extension
to high pressure studies.
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With the same samples and apparatgs high resolution light scattering allows
the hypersonic elastic constants to be determined (Brillouin scattering methods).
Recent studies of solid phase transitions have shown the importance of the
acoustic mode instabilities in phase changes. In particular there are cases of
very strong interaction of soft modes and acoustic modes leading to phase
changes.

Low frequency ultrasonic measurements (frequencies to hundreds of mega-
herz) would seem to complement the aforementioned optical investigations. Of
particular interest are the shear mode elastic constants near solid-liquid transi-
tions. The importance of determining sound velocities in materials of geophysi-
cal interest stems from the fact that sound velocities is one of the few experi-
mental properties whose measurement is not confined to the surface of the
earth., The correlation of seismic velocity information with laboratory data on
sound velocity in rocks and minerals may be expected to contribute to knowledge
of the crust and mantle.

Measurement of elastic constants over the widest range of accessible temper-
ature and pressure contributes to understanding of the equation of state of given
materials. The determination of elastic constants with high precision permits
extrapolation of data beyond the range of accessible temperature and pressure.
For determining sound velocities, three basic methods have been employed with
investigation of materials of geophysical interest: resonance, pulse transmission,

and ultrasonic interferometry. The choice of a given technique is dictated by the
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nature of the specimen under consideration, the ambient conditions (temperature
and pressure), and the precision required.

At this juncture Aultrasonic experiments at pressures ranging to about 10 k
bars have become relatively routine, the experimental difficulties growing
rapidly as pressure is extended. Consequently, it is not unlikely that, for the
next phase of effort, ultrasonic measurements should be made on synthetically
prepafed polycryetalline specimens, This permits use of accurate interferomet-
ric measurements of ultrasonic velocity, and consequently provides the precision
required for determination of rel.iable pressure and temperature derivatives.
Using this approach it has been shown, for examp&e, that from measurements
on MgO and Al,O, at 4 k bar the bulk modulus at hundreds of k bars could be
accurately inferred.

One final class of experiments should be mentioned, those measuring the
electrical conductivity. Electrical conductivity may be expected to be a very
useful measurement to mark the presence of phase transitions which can then
be studied in detail by the methods discussed previously.

Measurements of electrical conductivity can be carried out to very high
pressure and temperature because of the simplicity of the probing mechanism.,
The electric current used to heat the sample can be used simultaneously as the

probe of measuring the electrical conductivity by means of the potential drop

across the sample.
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Measurements have been made on metals up to 425 k bar. Of course the
problem of determining the electrical conductivity of insulators such as silica
at high pressures will be more difficult because the currents will be much
smaller but the change in conductivity near a phase transformation should be
large enough to observe.

Laboratory studies must be made along two main lines. Experiments on
crust and mantle materials under conditions approximating as élosely as possible
the actual ambient temperatures and pressures; and experiments on "model sys-
tems" in which systems to be studied are designed so as to yield information on
a laboratory scale, i.e., labor_at;)ry spatial and time scales (- as opposed to
"earth' dimensions and times in eons -), which has useful anélogies in geo-
physical phenomena. The search for useful "model systems' could most pro-
fitably be directed also to analogues of actual geophysical processes which permit
scaling of temperature and pressure to levels more readily approachable.in large
laboratory volumes than the actual émbient T and P levels in the mantle. The
proposed model systems approach suggests itself as a natural - even an essential-
complement to the "head-on'' attack, since detailed laboratory studies of geo-
physically significant processes must necessarily involve scaling of some combi-
nation of the significant independent variables (e.g., spatial and temporal, and
temperature and pressure). It is quite clear that, while the discovery of the
model systems themselves will be most challenging tasks for solid state science,

current knowledge of the solid state and liquid state has reached such a level of
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sophistication as to suggest that. the time may be ripe for the development of
such an attack in geophysics.

We are now ready to discuss specific methods of approaches to determine
physical properties.
A. MATHEMATICAL GEOPHYSICS

1. Mathematical aspect of the plate tectonics and Mantle.

The study of plate tectonics requires the analysis of the response of an
inhomogeneous visco-elastic system to a set of forces which arise from the
mantle. A plate is an inhomogeneous system because the mineral constitution
may vary not only vertically but also horizontally. The temperature of the
plate is not uniform. The mathematical boundary-value problems associated
with the zones of instabilities within the mantle will be extremely complicated
especially because the material constants such as elastic constants, viscosity, and
heat conductivity are functions of temperature and pressure. Furthermore,
many mineral crystals undergo phase transitions and physical properties change
discontinuously even within the mantle.

2. Seismic Profiles

Seismic waves provide the primary probe of deep layers of the earth. The
utility of seismic waves as a diagnostic tool in yielding detailed information on
the crust and mantle depends crucially on the possibility of interpreting data
relating to seismic wave properties such as velocity and attenuation. This in

turn requires as complete as possible an understanding of the propagation
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characteristics - including velocity and attenuation data - of longitudinal and
transverse acoustic waves in materials of geophysical interest under a wide
range of temperature and pressure.

A great deal of what is already known about the internal structure of the
earth has been derived from séismic studies. The seismic frequencies of
interest to geophysicists vary from about 10-'* Hz to 1 Hz, and the modes of
vibration include free oscillations of the earth as a whole, bulk compressional
and shear waves, and surface waves. Detailed analysis of transit times for
disturbances produced by earth quakes, refraction effects, and the loss of
shear modes when passing through liquid regions has helped delineate the
principal features of the crust, mantle and core. More recently, precise atten-
uation measurements (the measure of attenuation used in the literature is the
"internal friction' defined above as the loss per cycle, Q' = (1/2N)AW/W
where W is the elastic energy per unit volume) have enabled local inhomogenei-
ties in the crust and upper mantle to be revealed and in particular, the existence
of a low-velocity (and hence low density) - high attenuation region possibly due
to partial melting is suspected. Such a region, if it exists, may well be expected
to contribute to the mantle instability which generates the forces responsible
for global plate movement.

It is clear that to properly -understand the results of Aseismic experiments
and to formulate working models for the earth's interior, data on the earth

itself must be supplemented by laboratory analysis of materials representative
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of the earth's interior and under conditions (high temperatures; several thousand
degrees, and high pressures; up to 1400 kilobars in the mantle) obtained there.
Further refinement in the solution of the complicated boundary value problem
for the propagation of seismic waves through the inhomogeneous medium of the
lithosphere is possible because of the development of modern high speed
computers.

Results of laboratory studies of elastic properties as functions of pressure,
tem;)erature and approach to phase transitions must be considered in order to
test our understanding of the causes of the minima and steps in the velocity
profiles. The ultimate test of the correctness of any model based on phase
transition theory and laboratory measurements on model materials will be its
ability to reproduce the features seen in seismic measurements (arrival times
and pulse shapes).

It is felt that seismic (elastic) data and lithosphere motions are largely
determined by phase transition phenomena. Thus measurements of velocity and
attenuation must be made at simultaneous high pressure and temperature, i.e.
in the neighborhood of the possible transitions rather than extrapolated. We
propose to do this in both actual geophysical samples and in model phase transi-
tion materials. In order to understand the velocity and attenuation data and in
particular elastic instabilities such as the onset of flow (or large shear defor-
mation) and velocity minima one must study the phase transition dynamics with

emphasis on the coupling of the transition fluctuations to elastic behavior. Thus
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a primary thrust of the experiments will be to measure properties related to
the phase transition and its underlying dynamics. A particular probe of these
dynamics are acoustic techniques. Such techniques go directly at the problem
of ultimate interest - the eiastic property changes due to the transitions. To
understand the mechanisms usually requires measurement of other material.
For example to understand the elastic properties of ferroelectric crystals

near the Curie temperature requires measurements of the dielectric suscepti- '
bility and the spontaneous polarization. The relaxation rates seen in attenuatfon
are related to the damping of a highly anharmonic optical phonon.

A gystematic study of high pressure-high temperature phase transitions is
necessary so that many of the mechanisms affecting seismic velocities can be
understood. Further, to the extent that the techniques can be extended to higher
pressures and temI.)eratures on geophysical materials, direct laboratory input
to the interpretation of seismic data must be made.

3. Source Shapes

Anticipating the possibility of observation of large earthquakes with coupled
seismographs we would like to study the distribution of waves produced by a
non-point source, The method consists of constructing a Green's function for
an isotropic elastic medium, approaching as close as possible the Green's func-
tion for an anisotropic medium. The non-point source can be assumed to be an
extended point source or a sheet. One has to assume that the different sources

that make up the point source all occur at the same time. If not, one has to
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make a reasonable assumption about a time distribution. The solutions of such
problems are only of importance in the near-zone (in the sense of antenna theory)
since in the far-zone all possibility to see any structure may be lost due to the
inhomogeneity of the earth's materials. The study would deal mainly with the
observability of the ''shape'' of the non-point source.
B. EXPERIMENTAL PHYSICS

The objectives here are: to characterize possible phase transitions pro-
cesses, to test theories of phase transitions, properties and dynamics, to develop
techniques of making ultrasonic and light scattering measurements at simultan-
eous high temperature and high pressure, and to measure the properties and
phase transition phenomena at high temperature and pressure in materials of
direct interest. More specifically it is proposed to develop techniques and apply
them to study each chosen material with the following goals:

1. To locate the transitions (P, T, and possibly external field) in apparatus
capable of dynamical experiments, acoustic, ultrasonic, optical hyper-
sonic, and/or Raman scattering.

2. To characterize the transition thermodynamically by determining the
transition pressure, temperature and field, measuring the lattice con-
stants and lattice constant changes, measuring the specific heat and
transition specific heat anomaly, measuring the dielectric and magnetic

susceptibility changes.
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3. To characterize the transition dynamics by detecting the type of instability,
whether an optical vibration (""soft mode') or an elastic instability, and by meas-
uring the space and time dependence of the transition ""order parameter" fluctua-
tions using acoustic and light scattering techniques.

The kind of measurement which can be carried out under such extreme
pressure and temperature conditions is at present limited to relatively simple
measurements such as electrical conductivity, volume changes and heat of
fusion; nevertheless such measuremenfs are fundamental in that phase changes
can be observed and phase diagrams can be mapped out in hitherto uncharted
regions for numerous materials. Much of the current high pressure literature
has to do with this aspect.

Future possibilities would appear to lie in two general directions:

a. Extension upward of the present limitations to pressure temperature, -
and working volume available for experimentation (which involves
severe technological challenges).

b. Advances in the degree of sophistication of high pressure experiments
and the maximum pressure at which such sophisticated experiments
can be performed.

As an example, the requirement that the sample area be accessible to a

precision optical or ultrasonic probe imposes constraints of such severity that
the current upper limits in pressure are drastically reduced from the afore-

mentioned "unconditional" limit of 100 - 500 k bar., On the other hand, such
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measurements are highly desirable (in conjunction with numerous other methods).
Recent advances in optical techniques in light scattering using lasers offer
powerful tools for characterizing the crystal structure, molecular motions and
phase transition dynamics of materials. These highly developed tools have been
adding greatly to our knowledge of crystal and liquid phase transitions over a
broad temperature range (2 to 1000°K) but all at relatively low pressures.
These optical techniques which look directly at molecular dynamic states can be
adapted to high pressure. Much work in the past has gone into development of
suitable windows for optical studies of materials at high pressure. We can use
this technology together with the new tools in vibrational spectroscopy to study
the high pressure phases of materials,

The acoustic methods are already highly developed but much work remains
in using them to study phase transitions and to reach high pressure and high
temperature while making measurements. The acoustic measurements comple-
ment the light scatiering measurements of elastic constants by covering a
breader frequency range and particularly the low frequency range. They have
the further advavntage of being usable for opaque materials such as metals, highly
colored crystals, polycrystalline materials, etc.

1. Description of the Techniques

Inelastic light scattering: Raman and Brillouin Scattering -

Inelastic light scattering spectroscopy consists of illuminating the sample

in a chosen direction with a collimated monochromatic beam and determining
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the spectrum of the light scattered out of the beam at a chosen scattering angle.
In general a small fraction of the incident light is scattered with frequency
shifts characteristic of the internal states of the ﬁaterial changed during the
scattering.

If the light scatters off of an optical branch phonon in a crystal or an internal
molecular vibration of a gas or liquid molecule then one sees a spectral com-
ponent in the scattered light shifted by the phonon or vibration frequency. The
spectrum for such events is called a Raman spectrum and generally lies in the
10 to 2000 cm™ range of frequency shifts. Resolutions of 1 cm™ are routine
and by using lasers the directions and polarizations give anisotropic selection
rules which allow precise mode identification. Raman scattering applied to
solid-solid transitions shows the temperature dependence of the optic mode
instability onset, classifies modes by polarization selection rules so that sym-
metry ch.anges can be monitored by selection rule changes, and local symmetry
by the splitting of internal molecular vibration frequencies. Applied to crystal-
amorphous and amorphous solid-liquid transitions one can determine the density
of vibrational states, and the correlation range of vibrations. If the light scatters
off of an acoustical phonon then one finds a set of components in the scattered

light spectrum called the Brillouin spectrum with components shifted by

Av = p Lsin 6/2
c

with v the acoustic velocity, », the incident light frequency, c the velocity of

light in the medium and 6 the scattering angle. This shift can be thought of as
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a Doppler shift due to the reflection of the light from the traveling acoustic wave.
These frequency shifts for 90° scattering of visible light are from 0.4 to 50 Ghz,
Thus such spectal components reveal properties of hypersonic acoustic modes.
Brillouin scattering basically gives a;nother way to determine elastic con-
stants but with advantages that it samples the local (small volume) thermal strain
fluctuations in equilibrium, it senses the longitudinal and shear modes, and it
allows one to study the velocity and attenuation anisotropies by merely turning
the crystal with respect to the incident and scatterec\l beams. The frequency
range covered by the Brillouin spectrometer allows one to see very low frequency
parts of the Raman spectrum. This is particularly interesting when the transi-
tion occurs because of the interaction of acoustic and optic phonon modes. The
line-width of the Brillouin components can be used to determine the attenuation
of the mode. This becomes measurable only in cases where the attenuation is
extremely large as often occurs near transitions. In ultrasonics the high atten-
uation often limits how close to the transition one can study the acoustic modes.
The scattering techniques have special advantaées for phase transition studies.
The advantages are that small (less than a cubic millimeter) volumes can be
studied (giving small temperature and pressure gradients) with high precision,
that long range and short range order motions can be seen and that the frequency
range extends down to very low material frequencies (less than 1 cm'! ). These

advantages can all be realized in the proposed extension to high pressure phase

transition studies.
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2. Acoustics: Ultrasonic and Resonance

Pulsed ultrasonics consists of sending a short pulse of high frequency sound
. across a sample and detecting the echoes from a parallel opposite sample face.
The echo spacing gives the travel time and hence the velocity while the decay

of the echo heights gives the attenuation. Good direction and mode selection is
possible and measurements can be made over a frequency range of 5 to 500 MHz
quite conveniently,

We believe that many interesting phase transition mechanisms will exhibit
some slow fluctuations which couple to acoustic modes. To detect these requires
low frequency measurements say from 100 kHz to 1 MHz. These measurements
are best done using resonance techniques. In these measurements the applied
frequency is varied and the frequencies of resonant mechanical res‘ponse.are
measured together with the frequency width of the response. With the sample
dimensions known the resonance frequencies are used to calculate the elastic
constants. The resonance widths are used to determine the attenuation expressed
as Q' , the fractional loss per cycle.

A summary of known elastic constant data on some ten minerals (oxide and
silicate compounds) relevant to geophysics has recently been given by Anderson
(Reference 11). The minerals represented in this review include corundum (a-
Al,0,), periclase (MgO), a spinel (Mg0.2.6Al,0,;), forsterite (Mg,SiO;), a garnet
(almandite-pyrope variety), hematite (a - Fe,0,), -quartz (a-Si0,) and lime

(Ca0). These materials are representative of the Earth's crust and mantle,
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the latter in particular being largely composed of compounds related to quartz

and periclase. This data consists largely of laboratory-measured sound velocities
and derived elastic moduli and their pressure and temperature derivatives, and
the anharmonic Gruneisen parameters v and § which relate the isothermal

elastic moduli (relevant to equations of state) and the measured adiabatic moduli.
It is largely on data such as the above that our present knowledge of the internal
structure of the Earth rests, because without it no meaningful analysis of the
propagation of seismic disturbances could be made.

Elastic properties, which may be determined by acoustic wave velocity
measurements, provide information primarily on compositions and density. The
study of acoustic velocity in the laboratory on geological specimens at elevated
temperatures and pressures has the potential of improving the diagnostic power
of seismic body and surface waves in determining composition and density in the
crust and mantle of the earth., Acoustic wave attenuation studies in the laboratory
illuminate the possible microscopic causes of seismic wave gbsorption. Thus
far, much of the geophysical literature on seismic wave attenuation confines itself
to macroscopic abéorption mechanisms. To make laboratory studies relgvant
to geophysical phenomena as seen in seismic attenuation, the studies of micro-
scopic attenuation mechanisms must be extended to high temperatures and
pressures. Loss of energy from an elastic wave in a medium as complex as the
earth's mantle could arise from severél sources. One might mention scattering

from inhomogeneities comparable with the wavelength (which is not a true energy
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loss but a diversion of energy from the main direction of flow), hysteresis (due
to irreversible changes caused by stress), viscosity, and any one of a large num-
ber of relaxation effects (reversible changes tending to relieve stress) which
are all possible contributors. Fortunately, the frequency range of many such
effects is incompatible with the range encountered in seismic investigations,
and, according to a recent review (Reference 12), the most likely causes of loss of
seismic energy are partial melting, grain-boundary relaxation,. and a poorly
understood mechanism called '"high temperature, internal friction background."
Of particular interest to current geodynamical theories is the relaxation
mechanism which may be present in materials undergoing phase tran-sitions.
Since many phase changes themselves are associated with a definite value of
the ambient pressure, fluctuations of this pressure due to an elastic wave will
tend to induce a reaction from one phase to the other which reduces the elastic
stress and causes a relaxation effect, leéding to attenuation. An acoustic wave
passing across a phase boundary will suffer a sharp loss in energy, and the fre-
quency range of this relaxation effect is in the right range to account for the
attenuation of seismic waves. These ideas have been given experimental support
by controlled experiments in suitably chosen model systems. In particular,
Spetzler and Anderson (Reference 13) have reported discontinuities in the velocity
and attenuation of sound in the System H,O.NaC1 in the regime of partial melting.
Attenuation mechanisms which are regérded as important in seismic ab-

sorption wave include dislocation mechanisms, intergranular thermoelastic
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relaxation, and atomic diffusion. Therefore,/the aéoustic study of such mechan-
isms in the laboratory, on carefully characterized specimens and under controlled
conditions of temperature and pressure, increases the power of natural and
artificial seismic wave disturbances as diagnostic tools, and at the same time,
gives direct insights into mechanisms which have significance for dynamical
processes in the crust and mantle.

3. State of the Art: Phase Transitions

To give some context to the measurements possible with acoustic and light
scattering methods we will briefly réview the recent progress in the physics of
phase transitions as viewed from the experimental point of view. Strong new
inputs to the fields of statistical mechanics and lattice dynamics from the close
interaction between theory and experiment, has resulted in progress and in-
creased interest in the problems of phase transitions during the past six years
dating from the 1965 Critical Point Conference at the National Bureau of
Standards (Reference 14). A theme in the new work has been to understand the
cause and effects of the divergent fluctuations of thermodynamic variables at
second order phase transitions. The more difficult first order transitions have
received much less attention, but experiments done very close to the transition
points have shown that many transitions having large fluctuation effects finally
do exhibit first order transition steps in thermodynamic derivative properties
and do show hystersis. Thus much of the conceptual progress can be applied to
understanding first order transitions with large fluctuations. In particular there

is hope of using these new ideas in studying further aspects of the melting transitions.
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In the current usage of the theory all divergent fluctuations are called criti-
cal fluctuations and the second order transitions associated with them are called
critical points. Fundamentally the problem remains often unsolved in terms of
theoretical calculations, but a heuristic theory, using exponents to describe the
nonanalytic behavior near the critical point with relations between exponents
coming from thérmodynamic inequalities, has been very useful in relating vari-
ous transitions (liquid-vapor, magnetic, order-disorder alloys, etc.). These
ideas have been also proven to be useful for comparison with theoretical attempts
to determine limiting behavior numerically.. A review of the current position is
given by Stanley (Reference 15),

Experiments, in particular light scattering experiments, have resulted in
a further extension of the theory namely the deséription of transport coefficients
near the critical‘ point (viscosity, thermal conductivity, dielectric relaxation, etc.)
in order to describe and understand the dynamics of the critical fluctuations.
Here again the best of the current suggestions have amounted to an extensi.on of
the static "'scaling' exponent relations to dynamics mainly with the view of re-
lating all the observed temperature dependences to that of the correlation range
of the fluctuations. There have been recent indications that such theories may
be rather oversimplified however.

The light scattering experiments testing the exponent theories were mainly
done on the liquid-vapor critical point. From the temperature dependence of the

intensity of scattering the divergence of the fluctuations could be established with
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good precision and from the angular dependence of the intensity the correlation
range temperature dependence was found. These experiments were helped ma-
terially by the availability of laser sources and improved sensing and control
electronics of the temperature baths. The measurements of the linewidth of the
quasi-elastic (Rayleigh) scattering depended essentially on the collimation and
intensity of the continuous gas laser beams. These measurements gave for the
first time an opportunity to study the dynamics of the fluctuations; the linewidth
measured the decay rate of selected Fourier components of the critical density
fluctuations. The linewidths go to zero as the critical point is approached corre-
sponding to the slowing down of the large fluctuations. The high precision line-
width data showed an unexpected exponential behavior. Since the linewidth was
proportional to the thermal diffusivity this provided strong evidence for the
divergence of the thermal conductivity at the critical point. A discussion of the
method and review of the results can be found in Swinney & Cummins (Reference
16).

Light scattering measurements of intensity and linewidth have also been
applied to critical mixtures. The scaling theories have worked well here and
the measurements which describe the concentration fluctuations and their rate
of decay, show strong similarity to other critical points. These mixture prob-
lems may be very significant for the molten regions of geophysical interest.
The strong changes in low frequency sound velocity and large attenuation for

sound frequencies up to several hundred MHz could have a large seismic influence.
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It is of interest that all critical points cause large peaks in acoustic atten-
uation., The latest experiments using acoustics and Brillouin light scattering
(scattering off the acoustic modes of a material) have obtained a better founda-
tion due to the calculations of Kawasaki (Reference 17), who showed how to re-
late the space-time dependence of the critical fluctuations to the observed dis-
tributed velocity and loss dispersion. Attempts have been made to apply this
theory to critical mixtures but have not been very successful in predicting the
magnitude of the dispersion. In particular the thermodynamics of predicting
the low frequency sound velocity has not been successfully carried through., The
velocity dispersion which does occur should take place at very low frequency
for mixtures. It appears that more experiments in this field are needed.

During the same period there has been an active development in the ideas
of the lattice dynamics of second order solid-solid phase transitions. Here the
leading idea is to understand the microscopic nature of the structure change and
the dynamics of the critical fluctuations in one or a srhall number of vibrational
normal coordinates as due to a ""soft mode." A soft mode is a particular optical
vibration of the structure which is renormalized by phonon interactions and this
renormalization becomes unstable. Consequently its frequency goes to zero and
the lattice lowers the symmetry of its unit cell by an internal distortion corre- »
sponding to the displacements of the soft mode at the temperature and pressure'
of the phase transition. The ideas was pioneered by Cochran (Reference 18), and

first confirmed by Cowley (Reference 19) in the perovskite SrTiO3 using inelastic
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neutron scattering. This idea was further pursued by laser Raman scattering
(scattering off the optical branches of the lattice vibrations) because of its in-
creased energy resolution and mode selection by polarization.

Of particular interest for exploring new transitions is the ability of using
selection rules predicted by group theory and the crystal point group describing
the polarizations of the light scattered by different modes. This leads to very
interesting temperature dependences of mades which are not soft modes but
which are forbidden on one of the phases and thus show by their intensity the
temperature dependence of the continuous changes in structure.

This procedure can be reversed in order to yield details of the symmetries
of the phase on each side of a transition by counting the allowed modes of each
polarization type in spectra taken in the two phases. With the additional infor-
mation from the splitting caused by lowered site symmetry it may be possible to
assign a unique structure. This kind of detail is usually not available in the
corresponding x-ray diffraction data since it is lost in the thermal diffuse back-
ground around the superlattice spots.

Finally a third class of experiments studying the effects of phase transitions
on elastic constants which goes back to the work on ferroelectrics by Mason
(Reference 20) and others and Russian studies of Rochelle salt (Reference 21),
was revived and extended by the new experiments using Brillouin scattering on

crystals at the phase transition (References 22 and 23). Here one looked for the

coupling of the soft mode (critical fluctuations) to change the sound velocity and
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cause acoustic losses. Using the suggestion of relaxation by fluctuations made
by Landau and Khalatnikov (Reference 24), the relaxation times found in the
experiments were taken as a measure of the decay of the critical fluctuations
and hence their temperature dependence could be tracked with higher precision
and closer to the transition than was possible with the Raman experiments. The
significance of large losses in the coupled mode problem has recently been real-
ized so that it is now possible to relate the linewidths of soft-modes to the
acoustic relaxation found with Brillouin scattering. Of particular significance
here is the simple use that has been made of point group symmetries to arrive at
reliable predictions concerning questions as to which modes can be soft, which
modes can couple to the soft mode and particularly which acoustics modes
(longitudinal or two kinds of shear and their direction) can be changed by the

soft mode fluctuations. This includes the possibility of being able to predict
whether the velocity will simply undergo a step (plus large losses) or will show
a strong decrease to zero, leading to a homogenous deformation instability at the
transition. The theories for the acoustic mode-behavior near the critical solid-
solid transitions apply to ultrasonic, sonic or acoustic measurements as well as
to the Brillouin scattering experiments. The only difference being that the
Brillouin scattering are always at higher frequencies. Thus there exists a

large body of newly refined work on the nature of sound velocity variations and
acoustic losses near phase transitions which we here propose to apply to geo-

physical transitions.
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The materials of interest to geophysics either as model systems or directly
which have been studied so far during the recent years are:

(1) The alpha-beta phase transition in quartz; (References 25 and 26). An
unstable optical mode was found but it did not strongly effect the elastic constants
(only a step) while hysteresis was apparent in both the Raman and Brillouin data.
The opalescence of the phase boundary was established to be due to static phase
boundaries and not due to critical fluctuations. The experimental work is an ex-
ample of high precision light scattering at elevated temperatures.

(2) The ferroelectric transition in KDP; (References 23 and 27). Here the
soft mode was seen as overdamped and the zero in acoustic velocity was followed
into 10 millidegrees of the transition for the C; shear mode. This is an ex-
ample where the symmetry allows direct coupling of the soft mode and an acous-
tic mode, giving very strong effect on the velocity. It drops to zero at the tran-
sition,

(3) The ferroelectric transition in TGS; (References 22 and 28). Here the
relaxation due to fluctuations was identified and the relaxation time measured
including its temperature dependence with confirmation in detail of the predic-
tions of allowed couplings to acoustic modes. Here the largest change in velocity
was 10% for a shear mode. The acoustic attenuation was very large.

(4) Perovskites, cubic to tetragonal transition; (Reference 29). The
perovskite lattice is particularly prone to instabilities. These have been studied
with neutrons, Raman scattering and Brillouin seattering as well as with ultra-

sonics, .The soft modes have been well characterized and the allowed coupling
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to sound modes predicted. One expects steps in elastic constants at the transi-
tion and large acoustic relaxation near the transition. The relaxation time has
not been very well determined. The transition is of interest because several
geological materials are believed to have a high pressure transition to the
perovskite structure. So far no spectroscopic pressure measurements have
been made at high pressure on the above transitions.

(5) Liquid mixtures; (Reference 17)., Here there is need to learn how to
make reliable estimates of the magnitude of the coupling of the concentration
fluctuations and the low frequency velocity and attenuation. This is one of the
most general possible loss mechanisms. It is unfortunate that it remains so-
poorly understood. No work has been done on the nature of such transitions at
high temperature and pressure.

Finally the whole class of meltihg transitions has not benefited from recent
ideas., It would be of greé.t interest to see how much could be learned about the
nature of the instabilities leading to melting and if the fluctuations due to the
instabilities cause large intrinsic acoustic losses. Since there have been many
suggestions concerning the connection of melting or partial melting to the density
and velocity profile below the crust it seems appropriate to learn as much as
possible about the phenomena in the laboratory. We propose an attack on these
problems below.

4, Types of Transitions

Transitions can be broadly grouped into first order and second order transi-

tions. The second order transitions have received the most attenuation in theory
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and experimeﬁt. They exhibit no discontinuities in thermodynamic variables but
have divergent fluctuations in one or more variables. Understanding and relating
the divergences has been the theme of the work. The problem of interest here is
that the diverging fluctuations invariably cause acoustic attenuation and velocity
changes.

Examples of such transitions are: liquid-vapor critical points, liquid mix-
ture critical points, ferroelectric Curie points, ferromagnetic Curie points, in-
ternal molecular orientation ordering an in NH, C1, etc. The most interesting
sub-class of these transitions are those which allow a direct, Iingar coupling of
the sound strains to the critical variable. This always results in an elastic in-
stability with strong attenuation and velocity changes. An example is the solid-
solid ferroelectric transition in poté.ss’ium dihydrogen phosphate.

The first order transitions are much more varied. They are harder to study
theoretically and experimentally. They exhibit discontinuities in one or more
thermodynamic variables and usually much smaller fluctuation phenomena. A
classic example is the solid-liquid transition, melting-freezing. At low pres-
sures there are several examples which should be studied; melting of simple
molecular crystals, plastic crystal transitions in which some paﬁial molecular
ordering occurs, and the glass transitions in the material never crystallizes
but remains in a disordered state. There have been many suggestions that one
should find a shear mode whose velocity becomes very low to trigger the melting.

This idea is too simple but has not seriously beem challenged by experiments.

56



At high pressures possible new kinds of melting occur. High pressﬁre melting has
been reported in alkali metals and in KNO, and KNO,,..

Liquid-vapor systems away from the critical point have first order transi-
tions. Here the acoustic modes are influenced by the nearby fluctuation insta-
bility at the spinodal.

Liquid mixtures offer many examples of liquid-liquid transitions. These
may be very important because of their influence on partial melting tansitions
of mixed materials. The influence of concentration fluctuations is not well
understood at present but has received increased attention due to the critical
point studies and so is ripe for progress.

A basic and essential part of first order transition dynamics involves the
ideas of condensation. The basic idea of condensation rates has always been
based on the presence of small particles: if they are present the rate is finite,
if not the rate is zero. This in turn is based on the minimum radius of nucléation.
Droplets have a volume energy and a surface density and a simple estimate of
both lead to a condition which shows that beyond a certain radius the energy is
diminished when the radius is increased. It is generally assumed that the
presence of small particles will establish the necessary minimum radius.
However very little is quantitatively known. Is it possible ﬁo confirm the fact
that particles too small will indeed be without help in triggering condensation ?
Is the size of the particle the only relevant parameter? What is more precisely

the role of the particle-gas interaction and can one apply the theory of surface
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tension to dimensions this small? Experiments are proposed to study this
phenomenon.

5. Samples Proposed for Study

As an experimental philosophy it is proposed that the search for suitable
"model" crystals be made which show characteristic solid-solid and solid-
liquid phase transitions at accessible temperatures and pressures. These will
serve as baseline studies fof interpretation of the later and more difficult studies
at high temperature and pressure. On a longer time scale work should begin on
th(;, development of pressure temperature vessels with suitable experimental parts
for pursuing studies of the phase transitions in mantle materials, silicates and
magnetic iron compounds. Experiments are proposed which cover as wide a
range of temperature and pressure as possible consistent with precise use of
light scattering and acoustics on the following samples:
1. Potassium dihydrogen phosphate and its isomorphs: electric ordering
with elastic instability.
2. Cubic perovskite materials, SrTiO,, RanF3 , etc.: orientational order-
ing, magnetic ordering, elastic instability.
3. Molecular crystals: -Xe, methane, benzené, etc.: melting dynamics.
4. Fused salts: glass transition melting.
5. Magnetic iron oxides: Fe O_, etc.

273

6, KNO3: high pressure melting.

7. Quartz: follow the transition dynamics to high pressure of the alpha-

beta transition.
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8.

MgO, A1203, 8i0,, and CaO mixtured compounds: search for and

characterize transitions.

6. Equipment for the Program

Initial commercial equipment

1.

2'

Single frequendy argon laser

Double grating monochromator Raman apparatus

Fabry-Perot Brillouin spectrometer with electric drive and multiscaling
capability.

Matec precision untrasonic velocity and attenuation recorder.

High pressure diamond anvil optical cell.

Precision potentiometer for temperature measurements.

Apparatus to be designed and built.

1.

10 k bar hydrostatic cell with liquid transfer medium for optical meas-
urements with internal and external thermostatted jackets.

Same as (1) but for ultrasonic and or resonance measurements.
Drickhamer type very high pressure optical cell for scattering.

Cubic anvil high pressure ultrasonic cell with anvils used as buffer

rode between external transducers and the sample.

7. Initial Experiments

The initial steps in the light scattering program are two classes. The first

will be survey experiments using Raman scattering and the very simple to use

diamond anvil cell to explore the pressure dependence of known phase transi-

tions and provide some microscopic mode picture of the transition. We will
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emphasize the low frequency part of the spectrum for P, T points close to the
transition. This is where the transition dynamics will appear.

The:second class. of experiments will involve Raman and Bril_louin scatter-
ing and their relation at several mode transitions initially at low pressure:
ferroelectric cryétal transitions, molecular crystal melting, glass transition
melting, and liquid mixture critical points. These three types of transitions will
then be explored for pressure dependence in the low pressure, hydrostatic pres-
sure:cell in order to understand the pressure-temperature dependence of the dy-
namics. A fifth member of the class will be experiments on the condensation
dynamics. in metastable regions. This work will be done on liquid-vapor systems
and on the molecular crystal freezing.

As experience with pressure apparatus and first order transitions dynamics
increases we will be ready to move to. materials of more di\rect geophysical
interest in measurements of transition dynamics at very high pressures.

As an example of the experimental study of a phase transition the following
description is-includ'ed of the steps in studying the elastic instability in potassium
dihydrogen phosphate. Potassium dihydrogen phosphate (KDP) and its chemical
and deuterated isqmorﬁhs exhibit phase transitions with the special features of:
(1) strongly coupled lattice and hydrogen bond motions and (2) elastic shear in-
stability at the transition. This second property is of special interest as model
behavior for solid-solid phase transitions with elastic instability (i.e., a strong
decrease to zero of the shear mode velocity at the transition) which might give
rise to the velocity. dips in the lithosphere seen in the seismic measurements.
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In the last three years three important‘advances have been made: (1) Raman
scattering was used by Kaminov and Damen to find the overdamped "soft mode"
opt.ical lattice vibration in KDP, (2) Brillouin scattering show that the xy shear
mode which becomes unstable can be studied far enough into the transition to
determine the relaﬁation rate of the critical fluctuations at the transition, (3)
ultrasonic velocity and attenuation measurements in KDP and deuterated KDP
shows the strong effect of hydrogen ion mass on the transition dynamics and the
relation between attenuation losses and soft made damping.

The following set of experiments are proposed:

(1) To measure the Raman and Brillouin light scattering spectra of de-
uterated KDP to establish the unstable optical and shear mode dy-
namics near the transition.

(2) To measure the Raman and Brillouin light scattering spectra in the
isomorphic crystals potassium dihydrogen arsenate and its deuterated
form to determine the mode dynamics at the transition and by compari-
son with the results in KDP to relate the critical mode dynamics to the
mass and force constants of the phosphate-arsenate ion.

(3) To measure the Raman and Brillouin light scattering spectra in the
isomorphic crystal ammonium dihydrogen phosphate and its deuterated
form. These crystals become anti-ferroelectrically ordered at the
transition and hence lack the long range electric forces which occur

in KDP. This is expected to strongly change the mode dynamics.
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(4) To begin the first light scattering measurements under pressure on KDP
and its isomorphs. Recent work has shown that the transition tempera-
ture is strongly decreased by pressures between 0 and 40 kbars but no
work has been done to determine the change in the mode dynamics with

. pressure, The initial work proposed here will be to determine the changes
in the Raman soft mode spectrum near transitions at elevated pressure
using a diamond anvil optical cell.

In the study of solid-solid phase transitions a powerful complement to the
use of light scattering as an investigative probe is the acoustic technique. While
Raman and Brillouin scattering are'extremely informative at high frequencies for
studying the 6ptica1 and acoustic modes and their coupling, ultrasonic measure-
ments are essential if we are to continue to follow the phase Itransition dynamics
to low frequencies close to the transition point.

Since the elastic instability is ultimately limited to low frequency long
wavelength modes, it is essential to be able to extend observation of the transi-
tion to lower frequencies. ‘Sipce the "soft" optical mode(s) is often strongly
coupled to shear elastic mode(s), acoustic shear waves at frequencies extending
downward from 100 MHz to the KHz range and below are needed to the study of
solid-solid phase transitions.

It is valuable for gaining insight into geologically i;npoxtant solid-solid
phase transitions to carefully choose model systems for experimental investi-
gation in the laboratory in which the presence of an elastic instability is associ-
ated with solid-solid phase transitions.
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It is proposed that solid-solid phase transitions in isomorphs of KDP
(potassium dihydrogen phosphate) be studied through the shear wave velocity
and attenuation measurements very close to the phase transition, over a wide
range of acoustic shear wave frequencies. From the attenuation as a function
of temperature near T, and the velocity of the shear waves near T, (for a
range of frequencies) the coupling of the optical and elastic modes near the
transition and the relaxation times for the solid-solid phase transitions will
be studied—and in this way give information on the nature of the instabilities
associated with the model solid-solid phase transitions.

These phase transition studies must then be examined at successively higher
pressures—initially, pressures to 10 kilobars, using available techniques. It
is speculated that for isomorphs such as ADP (ammonium dihydrogen phosphate)
high ambient pressure may actually improve the likelihood of making the meas-
urements on large crystalline specimens, since fracture is readily experienced
as one runs through the transition at atmospheric pressure.

Further, it is proposed that the above-mentioned effort then be extended to
poly-crystalline specimens, studied at low shear-wave frequencies. Systems of
geophysical interest rarely have macrocrystalline structure. For many purposes
the low frequency (i.e., long wavelength) shear waves will continue to give in-
formation on the solid-solid phase transition despite presence of macroscopic
inhomogeneities. Thus, for example, for D>A>d, where A is the shear wave-

length and D and d are, respectively the specimen and crystalline dimensions, the
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data should be reasonably free of complications attributable to grain-boundary
scattering effects. At the same time, it should continue to be possible, despite
the poly-crystalline character of the specimens, to study dispersion associated
with the instability-related mode coupling and the relaxation times, for a phase
transition, very close to T.

C. THEORETICAL PHYSICS

1. High Pressure Melting

Under normal pressures the melting temperature of a crystal increases as
the pressure increases. This means that the higher is the temperature of a
liquid the larger the pressure of solidification becomes. But recently, it has
been found that many substances show a maximum temperature of solidification.
This means that as the pressure is increased the solidification temperature
increases for a while, reaching a maximum, and then decreases as the pressure
is further increased. This in turn means that at a fixed temperature when a
liquid is compressed it becomes a solid at a certain pressure but if the pressure
is further increased, the solid again becomes a liquid. This phenomenon is
called the high pressure melting. This high pressure melting is a rather pre-
vailing phenomenon observed in many different substances. As mentioned ‘
above, examples are barium, tellurium, europium, anitomy, carbon, Rb, Cs,
the intermetallic compounds Bi,Ti,, szTe3 and PbTe, and inorganic salts KNO,
and KNO2 . The high pressure melting has a very important implication in the

geo-dynamical instabilities and an anomalous feature of seismic wave propa-

Y
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gation, There are inany indications that there is a zone of partial melting in
the mantle, and this is in turn related with the discontinuity of the density.

To understand the mechanism of high pressure fnelting is, therefofe, one
of the most important topics of solid state physics approach to geodynamics
research.

Improvement in the theory of high pressure melting can be made as follows:

(1) Ovrder-Disorder Theory of Melting (Weiss Approximation)—According
to present analysis, the Yoshida-Okamoto model does not explain the high pres-
sure melting as soon as the approximation is improved to include the effect of
short range order. It is therefore necessary to find a condition on the interaction
potential which gives the high pressure melting regardless of the nature of ap-
proximation. It is suggested that the combination of exponential potentials, one
is repulsive and the other is attractive, and a short range inverse power repul-
sive potential would be a physically most plausible potential which would explain
the high pressure melting and hence the equation of state over wide range of
temperature and pressure.

(2) Order-Disorder Theory of Melting, Two-Body Approximation—it is
generally known that the one body Lennard-Jones-Devonshire (L-J-D) approxi-
mation gives values of physical quantities which are some 20% off the accurate
values although qualitatively correct. To predict the melting curve, the relation
between the melting temperature and pressure, more accurately and calculate

other equilibrium properties, such as the latent heat of melting, one has to
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extend the theory to include the two-body and three-body correlations. Investi-
gation along this line will be pursued.

(3) Theory of Melting of Molecular Crystals, Weiss Approximation—Before
attempting the application of Yoshida-Okamoto type theory of high pressure
melting to mineral crystals which are combinations of Si0, and MgO, the extension
of L-J-D type theory of melting to molecular crystals must be achieved, For
instance, the mechanism of melting of ice is very different from that of monatomic
substances. If the molecules in the crystal in the vicinity of melting points are
rotating very rapidly, then the effective potential between molecules may be ap-
proximated by a spherical interaction and hence the L-J-D type theory is applic-
able. If, however, molecules executed hindered rotations in the solid phase and
molecules undergo free rotation in the liquid phase then in the process of melting
two disordering effects take place simultaneously, i.e., the rotational disorder
and the configurational disorder. Formulation of the theory of melting of this
nature is of prime importance. This must be first achieved in the Weiss approx~
imation in order to understand mechanism of melting qualitatively.

(4) Theory of Melting of Molecular Crystals, Two-Body Approximation—
After establishing dualitative understanding of the mechanism of melting of
mo‘lecular crystals in the Weiss approximation now the investigation of the ef-
fect of short range correlation is required. There are spacial correlations just
like in monatomic crystals, and the orientational correlation due to the molecular

structure of the crystal, but also there will be a cross-correlation between the
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spacial distribution and the orientational distribution. Because of this correla-
tion the simultaneous onset of spacial and orientational orderings would be pos-
sible and this effect would have a very important implication in the dynamics of
phase transformations, especially inthe mechanism of sound wave attenuation in
molecular crystals in the neighborhood of the melting point. This situation is quite
analogous to that in sound attenuation in the diatomic gas where the energy
transfers from the translational degree of freedom to those of molecular rota-
tion and vibration.

(5) Theory of Melting of Covalent Crystals—SiO2 and MgO crystals are
not the aggregate of molecules by means of weak van der Waals attractive inter-
actions. These crystals have a feature of molecular crystals on the one hand
becuase of their multi-atomic structure but the mechanism of binding is very
different from that in the molecular crystals on the other hand. It is, therefore,
necessary to find effective interactions which can be used in the statistical
mechanics formulation of phase transformations in such crystals.

2. Lattice Gas Theory

It is proposed to restudy the general properties of the transition point(s) in
the lattice gas. Recent work has shown that scaling factors are not as universal
as they were once thought to be. Different values were found when the interaction
was not restricted to nearest neighbors only. Since this is of direct interest to
the problems described above we propose to study three dimensional lattice

models with interactions that are beyond nearest neighbors or anisotropic or both.
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These studies will be undertaken by (a) methods using truncated hierarchies;
(b) series in low ot high temperatures with exact coefficients.

This study will be combined with the evaluation of dynamic theories, using
the exact temperature series method. The recent modifications of this method
to enhance nucleation centers by various assumptions about the energy of such
"droplets" may prove valuable in the theory of solid-solid or polymorphic
phase transitions.

Further studies with dynamic theories will be made by using the description
Kawasaki gives of the soft mode theories. It must be possible after long and
careful studies to predict the occurrence of this phenomenon in specific
substances.

- 3. Theory of Solid-Solid Phase Transition

Recent work shows the importance of ionicity versus convalency in phase
transitions. Earlier work was simply based on ionic radii. These two ideas
are not mutually exclusive; one needs a unified -theory using both, We propose
to do this using the techniques of the molecular field model, or similar and
better techniques, to describe the solid-solid phase transitions by means of
spin flops. In such a spin-analogy model the pressure plays the role of the
magnetic field.

4. Solid-Liquid Phase Transitions

The solid-liquid phase transition as a function of pressure needs a new

theory. The Lindeman expression though reasonable from the theoretical point
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of view is not followed by a number of compounds. It is clear that the basis of
the theory is wrong and we want to study the heuristic explanation given recently
in order to give it a theoretical basis.

5. Theory of Liquids Under High Pressure

It has been shown that the major features of liquids can be described by the
hard core model. Deviations between the hard core model are:

1, Almost unobservable in the case of metals,

2, Small in the case of rare gas atoms, and

3. Different in case of non-spherical molecules, such as water.
All these observations are true under normal pressures. We speculate that
under high pressure category #2 will first go over into category #1. It is
planned to study case #1 under very high pressure, since little is known in this
region. This would be done by studying the solid metal which seems to have
very similar properties to the liquids. The theory for metals under high pres-
sure will consist normally of the overlap of core wave functions which at normal
pressure were well separated. Even more difficult, is the study of nonspherical
molecules.

6. Kinetics of Phase Transformations

This is the branch of statistical mechanics which has not been developed
extensively until recently. However, the development of theoretical treatments
in the past few years is very remarkable and the bulk of references is accumu-

lating rapidly, Recently more exhaustive studies employing the scaling law
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ideas, have noted that dynamical scaling partially holds. As was discussed
earlier the law of corresponding states (sometimes called the scaling law,
which is more common in recent years) holds for the equation of states for
substances in which atoms interact with a common law of forces. The same is
true even for dynamical properties especially near the temperature of phase
transformations. However, the dynamical scaling is not a direct consequence
of straight forward application of statistical mechanics, but rather is based on
some phenomenological considerations. The key idea unde'rlying the law is that
there are a set of variables called the critical dynamical variables (CDV), such
as the local density and local currents (mass current, energy currént, electric
current, etc.), and these variables satisfy a hierarchy of coupled equations. If
the hierarchy is cut at some stage based on some intuitive arguments, then the
coupled equations are terminated and closed for the set of critical dynamic
variables. Solving those equations, which are usually integral equations, one
finds some useful physical quantities such as the sound velocity, which is re-
lated to the imaginary part of and frequency dependent, specific heat; the dif-
fusion constant; etc. Mathematical formulation of the scaling law is rather ab-
stract, however; the result, like a thermodynamical theory, explains various
relations among dynamical variables rather remarkably well. Since this kind
of formulation does not start with the Hamiltonian it is most suitable even to
discuss the dynamical properties of as complicated a system as geological

mineral crystals. This kind of approach will be very promising for the coming
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few years or even for much longer periods. Critical application of this approach
to geodynamical phenomenon should be attempted.

There is another approach which is of entirely different nature. This is the
traditional method of Hamiltonian quantum statistical mechanics. As was men-
tioned earlier, one starts with thf: Fourier transform of the time dependent
correlation function. There are two methods of calculating the time dependent
corrélation function. One is the method of two-time Green's function, which has
been proven to be very effective in the theory of ferromagnetic spin waves and
in the theory of superconductivity. The second method is a direct application
of many body perturbation theory gmd to calculate many terms of infinite series.
This method too has been pursued very extensively in recent years and proven
to be useful. In the second method again the use of computers is essential. We
are now able to calculate time dependent dynamical properties in steadily increas-
ing order of accuracy. The straightforward application of this technique, how-
ever, to geodynamics problems is not yet trivial.

7. Condensation

The purpose of this project is the study of metastable phase transitions:
~under cooling and superheating. What are the factors that defermine the proba-
bility of obtaining such states if one starts from a point on the P.V.T, surface
where P and T determine V uniquely ? In the gas-liquid transition and in the
transition associated with the mixing and demixing of two liquids we are inter-
ested in a specific study of the influence of impurities: their size, shape, sur-
face forces, etc.
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In the region of metastability the return to equilibrium can be described in
two very different ways. One is the use of the free energy as a function of an
order parameter in order to describe the metastable point as a secondary mini-
mum. In this type of theory, widely used since Landau gave this picture for the
case of ferro-electrics, the sample is treated as a homogeneous substance. The
other type of theory is to consider nucleation centers and the buildup of the con-
densate around these centers. It seems that these two ideas are complementary
and one should try to formulate a unified type of theory in order to be able to
incorporate both aspects of the disappearance of the metastable state. It must
be possible to have a more fundamental start using Green's functions in a way
similar to what has been done in the theory of supérconductivity of the second
kind.

The second part of the program deals with liquid solid transitions. This
will involve studies of computer simulated crystal growth. This type of work
was started recently and looks very promising for the ""detection' of the early
stages of solidification. The work consists of a compﬁter solution of the motion
of a set of particles contained in a box with or without a prearranged condensate
at a certain region in the box. By applying the equivalent of ""lowering the
temperature" one can increase the amount of solid. Ideally one should not use
a prearranged solid, as this introduces the problem of recognition. It is desir-

able to attempt a new method: angular correlation over a few shells.
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8. Theory of Magnetic Materials

Paleomagnetic research is important in connection with the polar wonder-
ing. A crucial fact should be pointed out that magnetite (Fe;O,) undergoes a
magnetization reversal as the tempe?ature is lowered across the compensation
and more complicated behaviors of magnetization, as a function of temperature,
are seen in titano-magnetite and ilmenite-hematite. It is therefore necessary
to know the accurate temperature dependence of magnetization in those crystals.

Magnetism is one of the most well developed areas of solid state physics
both experimentally and theoretically and application of these techniques to rock

magnétism should be most straightforward.
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IV. CONCLUSION

We have discussed briefly, the various parts of Statistical and Solid State
Physics which are of importance to Earth-Physics. It has long been observed
that society is greatly benefited when scientific inquiry is stimulated and the
various disciplines begin to converge on a common problem beneficial to all,
Most exciting and fundamental have been the interactions among geology, geo-
magnetism, marine geomorpholoy, micropaleontology and tectonophysics to
provide new insight into Earth Sciences. The task ahead is a formidable one
since the microscopic analysis must be joined by a macroscopic analysis. Such
a functional dependence of the various scientific disciplines upon a microscopic
analysis as outlined in this report, is presented in Figure I.

After a great scientific theory has been developed, it takes many years to
apply it to all of the relevant parts of nature. Newtonian Mechanics took 200
years to be completely applied to astronomical problems. Maxwell's theory
has been a continuous source of successful application during the last hundred
years. The development of Quantum Mechanics in 1925 was the same major
breakthrough. It was immediately applied to simple atomic and molecular sys-
tems with great success but its applicability to more complicated systems such
as crysfals and liquids has taken longer. As always, there must coexist with
such theory, suitable technology to exploit a given area of nature. In the opinion
of those best qualified to know, the study of Earth physics has now reached such

a crucial stage where the sophistication of theory and experiment have developed
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sufficiently such that a major effort can be launched to understand the problem.
The program will require the combined efforts of theoretical and experimental
physicists, hydrodynamicists, rheologists, space scientists, etc. The payoff,
however, is so enormous in terms of scientific, economic and social advance

that the problem deservers a very high priority.
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I
THEORETICAL PHYSICS

Solid- Liquid Phase Transitions
Solid-Solid (Polymorphic)
Magnetism

Kinetics of Phase Transitions

Macroscopic Hydrodynamic
Boundary Value Equations.

-

T o Ul

W N

Density protile of the litho-
sphere and driving mechanism
Volcanism and Faulting

. Local and Global tectonics and

deep focus earthquakes
Mineral Resources
Biological Evolution
Climate, weather prediction
Geothermal sources

IIO
EXPERIMENTAL PHYSICS

A. Laboratory Data

1.

20

10.
11.

High pressure and temperature
determination of elastic constants,
viscosity, and heat conductivity.
Simultaneous high pressure and
temperature measurements with
increased volume for extended
time intervals.

Scaling law experiments.

Optical techniques in infra-red and
light scattering using lasers.

. Conductivity probes of temperatire

and pressure phase change positions
simultaneous with molecular spectra
from laser Raman scattering.

. Optical observation of ferroelectric

dipole motion for polymorphic
phase transitions.

. Determination of hyperelastic con-

stants by Brillouin scattering methods.

. Low frequency ultransonic measure-

ments for shear mode elastic constants
in solid-liquid phase transitions.

. Determination of sound velocities by

(a) Resonance

(b) Pulse Transmission

(c) Ultrasonic Interferometry
Electrical Conductivity determination.
Magnetization and susceptibility of
pure crystals which are the major
constituents of the mineral assem-
blages of the plates.

ey

B. Geophysical Data

1.
2.
3.
4,
S

Seismology
Geomagnetism

Marine Geomorphology
Micropaleontology
Meteorology

Figure 1. Earth-Physics and Phase Transition Program.
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